Pharmacokinetic (PK) modeling has been proposed as a means to improve the efficiency of drug development. It is difficult to develop an appropriate pharmacokinetic model if the lower limit of quantification (LLOQ) of the assay of the plasma drug concentration is high. The mathematical method of determining the plasma drug concentration below the LLOQ was discussed previously. 1, 2) The method of analyzing the data including the urine concentration to construct the PK model that cannot be constructed using only plasma concentration data has also been reported.
Pharmacokinetic Modeling and Prediction of Plasma Pyrrole-Imidazole Polyamide Concentration in Rats Using Simultaneous Urinary and Biliary Excretion Data
Drug Administration Guidance for Industry (2001). 6) Unchanged Py-Im polyamides 1035 and 1666 in rat urine and bile were determined with acceptable precision (coefficient of variance (CV)Ͻ15%) and accuracy (relative error (RE)ϽϮ15%). LLOQs for unchanged Py-Im polyamides 1035 and 1666 were experimentally defined as the lowest concentration of the calibration curve that could be measured with acceptable precision (CVϽ20%) and accuracy (REϽϮ20%). The LLOQs (with CV and RE%) for unchanged Py-Im polyamide 1035 were 1 mg/ml (with 1.19 and 13.36%) for urine and 0.5 mg/ml (with 0.38 and Ϫ0.15%) for bile. The LLOQs (with CV and RE%) for unchanged Py-Im polyamide 1666 were 1 mg/ml (with 1.93 and 7.27%) for urine and also 1 mg/ml (with 1.94 and 1.97%) for bile.
Urine and Bile Sampling Male Wistar rats (280-400 g) were obtained from Sankyo Labo Service Corporation (Tokyo, Japan). A cannula was inserted into the right jugular vein of the rats under anesthesia with pentobarbital sodium (Kyoritsu Seiyaku Corporation, Tokyo, Japan). In the urinary excretion study, each Py-Im polyamide dissolved in distilled water was administered intravenously to the jugular vein of the rats at a dose of 2.0 mg/kg. Urine samples were collected after 1, 3, 5, 8, 12, 24, 36 , and 48 h using metabolic cages after dosing. In the biliary excretion study, a cannula was inserted into the bile duct of the rats under anesthesia with pentobarbital sodium. Each Py-Im polyamide was administered intravenously in the same manner as in the urinary excretion study. Biliary samples were collected 0.5, 1, 2.5, 3, 5, 8, 12, 18 , and 24 h after dosing. The animal study was approved by the Animal Ethics Committee of the College of Pharmacy, Nihon University.
Metabolism by Liver Microsomes
The possible metabolism of Py-Im polyamides 1035 and 1666 was investigated by determining the decrease in the concentration of the parent compound upon incubation with rat and human microsomes as described by Parnham et al. 7) Incubations with PyIm polyamides 1035 or 1666 (1, 10 mM) were performed at 37°C at a final volume of 200 ml under four conditions (as shown in Table 1 ). All the incubations were performed in triplicate for 0, 20, and 60 min, and the reactions were terminated by adding 400 ml of ice-cold acetonitrile.
As a positive control for enzymatic activity in the microsomes, midazolam hydroxylase (CYP3A) activity was determined within the same series of incubations. The incubations were performed in triplicate for 0, 4, and 8 min, and the reactions were terminated by adding 200 ml of ice-cold acetonitrile. Midazolam, 1Ј-hydroxymidazolam, and 4-hydroxymidazolam concentrations were determined using the modified HPLC procedure described by Boukhabza et al.
8)
Pharmacokinetic Modeling To describe the plasma concentration-time profile of Py-Im polyamide 1035 after intravenous administration, four pharmacokinetic models (i.e., one-and two-compartment models with the linear output compartment interpreted as the urine compartment and the linear and non-linear output compartments interpreted as the bile compartment) using the plasma concentration-time profile and cumulative urinary and biliary excretion data of PyIm polyamide 1035 were tested. A scheme of a two-compartment model with the linear output compartment interpreted as the urine compartment and the non-linear output compartment interpreted as the bile compartment is shown in Fig.  1A . 3, 9) The equations used to describe the disposition of PyIm polyamide 1035 after intravenous administration are (1) (2) (3) (4) where X and V are the amount and volume of distribution in the corresponding compartments designated by the subscripts C, P, U, and B representing central, peripheral, urine, and bile compartments, CL D is distribution clearance, CL R is renal clearance, CL ext is clearance except renal and biliary clearance, V MAX is maximum velocity for excretion into bile, and K m is Michaelis constant for excretion into bile. The plasma concentration of Py-Im polyamide 1035 is defined as
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where C C represents the plasma concentration of Py-Im polyamide 1035. The cumulative urinary and biliary excretions of Py-Im polyamide 1035 are defined as
where C U % and C B % represent the cumulative urinary and biliary excretions (percentage of administered dose), respectively. To describe the plasma concentration-time profile of Py-Im polyamide 1666, two pharmacokinetic models (i.e., one-and two-compartment models with the linear output compartment interpreted as the urine compartment) using the plasma concentration-time profile and cumulative urinary excretions of Py-Im polyamide 1666 were tested. A scheme of the two-compartment model with the linear output compartment interpreted as the urine compartment is shown in Fig. 1B . The following equations describe the disposition of Py-Im polyamide 1666 after intravenous administration.
(10)
The residual error models of the plasma concentration of Py-Im polyamide 1035 or 1666 and cumulative urinary and biliary excretions used were , respectively. The residual error model of the plasma concentration was assumed to be the proportional error model because the plasma concentration was measured by HPLC. The model of the cumulative urinary and biliary excretions was assumed to be the additive error model because the percentage of the administered dose was calculated from the urine and bile concentrations, the urine and bile volumes, and the administered dose.
The parameters were estimated by the naïve pooled data method in which all the data from all the rats are considered as arising from one unique rat. 10) Initial parameter estimates were obtained by referring to the values of moment analysis and their cumulative urinary and biliary excretion ratios. All the data sets were estimated and simulated using the computer software package NONMEM ver. 6 (ICON development solutions, MD, U.S.A.) 9, 11) in conjunction with Intel Visual Fortran Compiler ver. 10 and Wings for NONMEM. 12) To obtain 2.5th, 50th, and 97.5th percentiles of the model estimations, 10000 simulations were performed using the estimated model parameters, variability in the estimated parameters, and residual variability of the data. The plasma concentration-time profiles of Py-Im polyamides 1035 and 1666 were obtained from the study of Fukasawa et al. 4) The excluded plasma concentrations below LLOQ have been shown to adversely affect the bias and precision of parameter estimates. 1, 2) The detected concentration below LLOQ of HPLC method was used in the PK modeling. The choice of model was based on model fitting criteria such as visual inspection of the fitted curves, objective function value of NONMEM (OFV), and CV% of the parameter estimates. Metabolism by Liver Microsomes The metabolism of Py-Im polyamides 1035 and 1666 (1, 10 mM) was investigated using rat and human liver microsomes. The peaks of their metabolites and the decreases in the Py-Im polyamide concentrations with incubation time were not detected under the experimental conditions. The average activities of midazolam 1Ј-hydroxylation for rat and human microsomes were 0.25 and 0.21 nmol/min/mg protein, respectively. The average activities of midazolam 4-hydroxylation for rat and human microsomes were 5.46 and 0.33 nmol/min/mg protein, respectively.
RESULTS

Urinary and Biliary Excretions
Pharmacokinetic Modeling The results obtained using the different models tested in this study are shown in Table 2 . The plasma concentration and cumulative urinary and biliary excretion-time profiles after intravenous administration of Py-Im polyamide 1035 were described using a two-compartment model with the linear output compartment interpreted as the urine compartment and the non-linear output compartment interpreted as the bile compartment, as shown in Fig. 4 . The plasma concentration and cumulative urinary excretiontime profiles after intravenous administration of Py-Im polyamide 1666 were described using a two-compartment model with the linear output compartment interpreted as the urine compartment, as shown in Fig. 5 . Good agreement was demonstrated between the observed and predicted values of Py-Im polyamides 1035 and 1666. In this figure, the 50th percentiles and 2.5th and 97.5th percentiles of the modelbased prediction for plasma concentrations and cumulative urinary and biliary excretions are presented together with the observed value. This figure provides evidence that the developed model is appropriate for describing the plasma concentration and cumulative urinary and biliary excretion-time profiles after intravenous administration of Py-Im polyamides 1035 and 1666. The PK parameter estimates are summarized in Table 3 .
DISCUSSION
In this study, a two-compartment model with linear and non-linear output compartments was developed using plasma concentration and cumulative urinary and biliary excretion data. The PK model describing first-order excretion into urine or a saturation of renal tubular secretion has already been reported. 14) There is no reported PK model describing the plasma concentration-time profiles using simultaneous first-order excretion into urine and a saturation of secretion into bile. This proposed PK model can be used to more accurately predict the plasma concentration-time profiles under 924 Vol. 32, No. 5 LLOQ. Py-Im polyamides are synthesized by combining Nmethylpyrrole and N-methylimidazole amino acids. [15] [16] [17] The various combinations have enabled the recognition and binding of Py-Im polyamides to specific nucleotide sequences of double-helical DNA with high affinity. [17] [18] [19] [20] In this study, two types of Py-Im polyamide, 1035 and 1666, with molecular weights of 1035.12 and 1665.78, respectively, were used. Py-Im polyamide 1666 with a hairpin structure of g-butyric acid is designed to bind to the activator protein-1 (AP-1) binding site of the rat transforming growth factor-b1 (TGFb1) promoter, whereas Py-Im polyamide 1035 also with a hairpin structure is designed for comparing with other types of Py-Im polyamide with hairpin structure and higher molecular weight. Py-Im polyamide 1666 may become a novel gene-silencing agent for the TGF-b1-associated diseases including progressive renal diseases because it was found to reduce the amount of urinary protein and albumin in Dahl-S rats after intravenous injection of 1 mg Py-Im polyamide 1666 every 2 days for 2 weeks. 21) However, the elimination pathway of unchanged Py-Im polyamides 1035 and 1666 in rats after intravenous administration and their metabolism in vivo and in vitro have not been elucidated.
Drugs are usually eliminated from the body into urine and/or bile. 22, 23) Therefore, Py-Im polyamides 1035 and 1666 can be characterized by determining their urinary and biliary excretions. The urinary excretions of Py-Im polyamides 1035 and 1666, which were determined by HPLC, were high (72.4%) and low (4.8%), respectively, at 48 h. The biliary excretion of Py-Im polyamide 1666 was not detected but that of Py-Im polyamide 1035 was 4.3% at 24 h. These observations indicated that unchanged Py-Im polyamides 1035 and 1666 have been slowly eliminated from the body. Particularly, it is considered that most of the Py-Im polyamide 1666 remains in the body and that it is distributed in deep compartments (i.e., in organs such as liver, kidney, lung, and brain) or in multiple compartments.
The oxidation of Py-Im polyamides 1035 and 1666 mediated by P450 was not detected using rat and human microsomes. Moreover, Py-Im polyamides 1035 and 1666 were also not detected in the rat urine and bile. The metabolism of Py-Im polyamides 1035 and 1666 mediated by uridine 5Ј-diphosphate (UDP)-glucuronosyltransferase and sulfotransferase in rat microsomes and cytosol was also not detected (data not shown). These observations indicate that Py-Im polyamide 1035 is not metabolized but most of it is excreted unchanged into the urine and bile, whereas Py-Im polyamide 1666 also is not metabolized but most of it may be distributed extensively to organs and tissues. Further studies are required to clarify its metabolism by other enzymes or its tissue distribution. To the best of our knowledge, there is no information on the elimination and metabolism of unchanged Py-Im polyamides in rat.
The differences in the molecular weights of compounds affect their eliminations.
24) The molecular weight thresholds for the excretion of organic cations into rat bile were found to be in the range of 200Ϯ50 for monovalent organic cations and 500-600 for bivalent organic cations. 25, 26) Py-Im polyamide of 1422.51 molecular weight was excreted at 2% into rat urine 24 h after administration and not detected in rat bile (data not shown). These findings suggested the possibility that Py-Im polyamides with high molecular weights tend to be poorly excreted in both rat urine and bile, whereas those with molecular weights less than that of Py-Im polyamide 1035 can be readily eliminated. As described above, the differences in the elimination pathway between Py-Im polyamides 1035 and 1666 may be attributed to the differences in their molecular weights.
When Py-Im polyamides 1035 and 1666 were administered orally to rats, the absorption from the intestine was not detected by HPLC method. The rat plasma concentrations of Py-Im polyamides 1035 and 1666 after intravenous administration at 2.0 mg/kg were less than approximately 1 mg/ml after 2 h.
4) The validated HPLC cannot be used to determine less than 1 mg/ml. 4) Therefore, we developed a model to simulate the plasma concentration-time profiles under LLOQ of HPLC using the excretion data.
The main objective is to develop a PK model that can describe the PK profiles of Py-Im polyamides 1035 and 1666 including excretion data such as the urinary and biliary excretions of unchanged drug and metabolites. Py-Im polyamides 1035 and 1666 were not metabolized, and unchanged Py-Im polyamide 1666 was not detected in the bile. Moreover, Py-Im polyamides 1035 and 1666 were not absorbed via the intestine. Therefore, we assumed that the metabolism and intestinal circulation of these compounds are negligible, and thus we used the plasma concentration and urinary and biliary excretion data for the modeling of unchanged Py-Im polyamide 1035, and for unchanged Py-Im polyamide 1666, plasma concentration and urinary excretion data were used.
In the modeling for Py-Im polyamide 1035, a one-compartment model using only plasma data was used to compare with the final PK model that includes rat plasma, urine, and bile data. The plasma Py-Im polyamide 1035 concentration predicted using the one-compartment model was almost reduced to zero 8 h after administration (data not shown). The result obtained using the model was different from the observed urine and bile data because Py-Im polyamide 1035 was excreted into urine and bile until at least 36 and 18 h, respectively, after administration. Thus, the one-compartment model could not adequately describe a PK profile; therefore, a PK model was developed using the plasma concentration and urinary and biliary excretion data. The parameters were estimated by the naïve pooled data method because the plasma, urine, and bile data were obtained from different rats. The PK model was tested using a two-compartment model with two linear output compartments for urine and bile. The described cumulative urinary and biliary excretion data were different from the observed urinary and biliary excretion data. From the biliary excretion rate-time profile, a constant elimination at an early period was observed (Fig. 3) . The biliary excretion is considered to be saturated. Therefore, the biliary output compartment model was changed from linear excretion to saturated non-linear excretion of bile. Finally, the changed PK model could adequately describe all the data, and the plasma concentration-time profile under LLOQ could also be described better using both linear and non-linear compartments than using plasma data only. The plasma concentration-time profile of Py-Im polyamide 1666 was adequately described using the two-compartment model built with the linear output compartment interpreted as the urine compartment. Moreover, the PK model built using saturated biliary excretion data can be used to simultaneously assess the effects of saturations and competitive inhibition of transporters because biliary excretion is associated with various transporters. If the compounds could be metabolized, the plasma concentration-time profile below LLOQ could be described using the plasma and excretion data of the metabolite. The PK parameter estimation using the plasma concentration data except those below LLOQ together with the urine concentration data could be more accurate than using only the plasma concentration data except those below LLOQ in a simulation study.
3) Therefore, this approach can be applied to not only Py-Im polyamides 1035 and 1666 used in this study but also to various compounds.
In conclusion, the PK model describing plasma Py-Im polyamide concentrations was developed using urinary and biliary excretion data. This is the first report showing that, in rats, the PK model can be used to describe the plasma concentration-time profiles using the linear output compartment interpreted as the urine compartment and the non-linear output compartment interpreted as the bile compartment. Moreover, the possibility that the undetectable plasma concentration-time profile can be described using urinary and biliary excretion data is considered. If the metabolism and intestinal circulation of drugs are negligible, this PK model can provide a more accurate prediction of the plasma concentration profiles under LLOQ.
